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ABSTRACT 

The pressure of the expanding data 
communication market and the emerging 
competition in providing value added services 
lead telecommunications operating companies in 
most countries to deploy nationwide public 
packet networks; the need then arises for a cost 
effective planning and design of the relevant 
network structures. 

The computer-aided planning tools presented 
in this paper enable the planner to find an 
optimal placement of packet switches and 
concentrators, and as well to dimension the 
interswi tch trunk network, thus atta'ining a 
minimum-cost solution through an iterative 
procedure. The heuristics adopted in this 
approach overcome the intrinsic difficulties of 
the theoretical optimization and match the main 
practical constraints and requirements. 

The flexible use of this planning 
methodology is stressed by some case study 
results relevant to the Italian territory for 
different scenarios of network size and 
throughput of the packet switches. 

1. IN'T'R01)UCTION 

A great emphasis is presently placed by 
telecommunication operating companies on the 
deployment of public packet switched networks, 
as adequate solutions to comply with most of the 
expected growing needs for non-voice services 
and to effectively compete in the expanding data 
communications market. In addition to data and 
text transmission, packet networks can also 
provide a suitable infrastructure to support 
other emerging services, like message handling 
and value added services, thus well positioning 
the operating companies to cope with the private 
networks competition and to enlarge their 
presence beyond the role of leased lines 
providers. 

From the network standpoint, the basic 
advantage . of packet switching relies on the 
efficient use of long-haul transmission 
facilities through the statistical multiplexing 
of the data messages. Main advantages of packet 
switching from the user viewpoint are that it 
allows subscribers using different protocols and 
data speeds to transparently communicate with 
each other, and that the tariffs are primarily 
based on the volume of transmitted information, 
rather than on holding times and distances. That 
makes the packet mode particularly attractive 

for bursty and interactive nata transmission, 
while circuit switching (especially in a digital 
environment) will remain competitive for bulk 
data transfer, like computer-to-computer 
communication, slow-scan video and fast 
facsimile. 

Packet networks are initially implemented as 
autonomous from the existing telephone networks, 
with access provided via hoth dial-up and 
dedicated lines; it is worth noting that this 
arrangement does not contradict the worldwide 
foreseen evolution toward the ISDN. 

In fact, the first stage of commercial ISDN 
implementations · (late '80s) will be in most 
countries characterized by the deployment of few 
ISDN local switches allowing a selected stratum 
of subscribers to access a wide range of 
services on different network facilities, 
including packet switching, through digital 
integrated loop arrangements (144 Kbit/s and 2 
Mbit/s). Even in a more mature stage (during 
'90s), when the extension of ISDN capabilities 
will be such to gradually attract on it all the 
packet users, the backbone part of the packet 
network will remain for many years a specialized 
resource actually autonomous from the circuit 
switched facilities, until new integrated 
packet/circuit techonologies at trunk level will 
emerge. 

Rased on these considerations, a long cycle 
of life for the public packet network 
infrastructure can be foreseen with a 
short-medium term rapid growth in terms of user 
number, traffic amount, territorial extension; 
consequently, the need arises for a 
cost-effective planning and dimensioning. 

The paper presents a planning metodology 
(Sec t. 2) and a computer tool (Sect. 3) 
specifically intended for optimizing the design 
of nationwide packet networks. ~e case study 
results relevant to the Italian territory 
(Sect.4) enlights the flexible and practical use 
of this approach. 

2. PLANNING METHODOLOGY 

The adopted approach reflects the typical 
environment of a telecommunications operating 
company, i.e. where: 

- a forecast is given of the amount and the 
territorial distrihution of the actual or 
potential demand, and as well a traffic model 
and a service quality objective ate defined; 
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- cost figures, modularities and 
of available packet switches and 
are given; 

performances 
concentrators 

- transmission facilities, at both subscriber 
and trunk levels, are the same currently used 
in the telephone network, so that their cost 
figures and topology layouts are known. 

The planning problem then basically consists 
in searching for the minimum-cost structure of 
the overall network satisfying the subscriber 
demand and the performances requirements. 

2.1. Network structure 

The basic architecture of a packet network 
is made up of two main parts: access network and 
interswitch network, as in fig.l. 

USER PREMISES customer DTE 

Fig.l - Packet network architecture 
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The access network provides the subscriber 
data terminal equipments (DTE) with a dial-up o~ 
a dedicated line access to the packet switches 
(PS), where switching and routing functions are 
performed; the large costs relevant to the 
provisioning of individual subscriber lines can 
often justify the use of remote packet 
concentrators (PC), ~.rhere packets from different 
users are statistically multiplexed into a 
single data channel connecting the PC equipment 
to a parent PS node. 

Apart from the different transmission 
speeds, the DTEs fall into two broad categories:
packet DTEs directly interfaced to the packet 
network by the standard X.2S protocol, and 
non-packet OTEs (BSC/SDLC and X.2R are the most 
diffused types), for which a 
packet-assembly-disassembly (PAD) function is 
required; the PAD conversion can be suitably 
provided by the network itself as integrated in 

the PC and/or PS equipments. The X.28 DTEs have 
a low speed of transmission in the range 
300-1200 bit/s, while packet DTEs have 
medium-high speed ranging from 2.4 to 64 Kbit/s. 

The interswitch network provides the 
interconnection among access PS nodes by means 
of dedicated trunk circuits usually operated at 
9.6 or 64 Kbit/s. Two basic alternatives for the 
interswitch network structure can be considered: 

a) meshed structure, when 
circuit connects each 
nodes; 

at least 
pair of 

one trunk 
access PS 

b) tandem structure, when additional PS nodes 
provide a transit switching function and each 
access PS is connected to at least one 
transit PS; besides, traffic patterns can 
economically justify direct links between 
pairs of accessPSs, just as currently 
practiced on the telephone network. 

In general, the meshed structure is the most 
economical solution ,men only a few access 
swhitches are placed, while the tandem structure 
proves in for large size networks. 

An intermediate solution may consist in 
incorporating the transit switching function 
into the access PS nodes having spare capacity: 
this arrangement ca~ be seen as an evolutionary 
step for passing from the meshed to the tandem 
structu~e rather than a steady-state network 
structure. 

2.2. Design inputs 

The basic input of every network design 
obviously regards the subscribers to be served, 
in terms of number of subscribers, their 
distribution on the territory and relevant 
traffic characteristics. 
As the packet network is accessed by the users 
(both in the dial-up and in the dedicated mode) 
through existing loop and local trunk facilities 
and also considering the forecast uncertainties, 
it is useful that the subscriber distribution is 
referred to quite large portions of territory 
and consistently with the structure of the 
telephone network. As an example, the results of 
Sect.4 are carried out starting from the number 
of subscribers forecasted in each of the 231 
District areas of the Italian telephone network. 

Moreover, either for the whole territory or 
for each subarea, the percent distribution of 
user DTEs must be given between packet and 
non-packet terminals and between dial-up and 
dedicated access, and as well their distribution 
in the different classes of transmission speeds. 
Beside the dimensioning of equipments providing 
the PAD function and the dial-up access, these 
input data senSibly affect the cost of the 
access lines due to the wide range of cost · of 
the modems at different speeds. 

A key point of network dimensioning is, in 
addition, the definition of the subscriber 
traffic characteristics, tightly correlated to 
the nTE types and to the exploited services. 
Current measurements and experiences on existing 
packet net~.rorks indicate that reference values 
of peak-hour average traffic in packet per 
second are of the order of 1 pis and.1 pis for 
packet and non-packet terminals respectively. 

As far as network elements are concerned, 
the main input data are the capacities of the 
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adopted packet switches and concentrators in 
terms of maximum traffic (throughput in pis) and 
maximum number of ports (subscriber accesses and 
trunks); relevant costs can be espressed as a 
linear function of the number p of ports in the 
form C +c.p, when C is the start-up cost of 
of theOequipment an8 c the incremental cost. 

Transmission costs per circuit can also be 
expressed as linearly varying vs. the link 
length d

k 
in the form A+B.dk , where A 

represents ~ fixed component (multipT~x ing, line 
terminals, etc.) and B the sum of repeater 
equipments and physical hearers costs per Km. 
For planning purposes it is appropriate to 
average those cost figures on the different 
transmission facilities actually adopted in the 
telephone network, where different A and R costs 
are to be used for q.6 Kbit/s or 64 Kbit/s trunk 
circuits. 

The dimensioning of the trunk circuits 
consists in defining for earch link the optimal 
number of circuits as a function of the relevant 
packet traffic; for moderate traffic flows often 
a single circuit is sufficient and only the 
choice among the allowed speeds (e.g. 9.6 or 64 
Kbit/s) might be needed. tn any case the link 
dimensioning call s for considering the queue 
process of the packet at the input of the 
transmission channel on which they are 
statistically mul tiplexed; in fact the time 
delay involved in this queue process is the 
measure of the channel performances in 
transferring data packets, just as the loss 
probability equivalently measures the 
performances of a telephone trunk group in 
handling voice traffic. 

Under appropriate assumptions regarding the 
statistics of the packet length and the arrival 
process of the packets, the average packet delay 
T can he simply computed [1J as 

T = L/(C-RL) 

where 

C= capacity of the transmission channel 
(bits/s) 

R= packet traffic rate (p/s) 
L= average packet length (bits/p) 

This formula shows that the average delay T 
goes to infinity as the channel utilization 
factor RL/C approaches the unity; a good trade 
off of transmission cost vs. delay performance 
is usually achieved hy setting this utilization 
factor around the value .5. Moreover, it must be 
considered that the traffic rate R also includes 
the additional packets generated by the network 
for its own operational needs, like billing, 
maintenance, etc.; starting from the user 
traffic R , the total traffic R can be roughly 
computed uas R = K R , where the coefficient K 
can reasonably vary in ¥he range 1.1 - 1.3. 

2.3. Optimization approach 

The optimization prohlem, classically 
modeled as the sea rch for the minimum-cost 
structure of the network, basically consists of 
two interconnected parts: i) placement of 
switches and concentrators. and homing of the 
customer lines, ii) design of the trunks and the 
transit switches of the interswitch network. 
Several optimization algorithms have been 

proposed in the literature, mainly based on 
linear programming techniques for i), and on the 
application of graph theory and multicommodity 
flows for it). 

Apart from the inherent complexity of those 
algorithms especially when applied to large size 
networks, the main limitation of those 
theoretical approaches is that they prevent the 
use of detailed .input data and the respect of 
the many constraints encountered in a practical 
environment. To overcome these difficulties, a 
more pragmatic way is here followed, allowing 
the planner to easily generate and explore 
different feasible solutions, so that the 
overall optimality is ultimately attained 
through an iterative process of cost 
comparisons. This methodology can flexibly 
incorporate a large range of practical 
constraints and it is implemented by the 
interactive computer procedure descrihed in the 
following section. 

On addressing firstly the problem of placing 
PCs and PSs on the territory, it is evident that 
the candidate nodes to be considered are 
coincident with the telephone network centers 
corresponding to the elementary subareas 
(districts) for which the user forecasts are 
given; in fact, subscriber loops and local 
transmission facilities of the existing 
telephone network are starly oriented toward 
these centers, being natural points of 
aggregation. These centers lie in turn on the 
backbone transmission network and it is then 
clear that the transmission facilities layout 
constitues the main constraint in determining PC 
and PS locations among the candidate nodes in 
order to minimize transmission costs. 

With reference to the scheme of fig.2, the 
concept of serving area can be properly applied 
by defining: 

- a concentration area (CA), as 
of adjacent districts served 
PCs located in a single node; 

the aggregate 
by one or more 

- a switching area (SA), as the aggregate of 
adjacent CAs served by one or more PSs located 
in a single node; no PC equipment could be 
needed in the CA where the switching node is 
present, unless for PAD function not heing 
provided by PS. 

_ district centers 

_ concentration area (CA b PC 
swi tching area (SA) _ PS 

Fig.2 - Network model for placing PCs and PSs 
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If the backbone transmission layout is given 
as a tree topology, different patterns of 
merging the subareas to form CAs and SAs 
according to this topology can be simply 
generated by the planner by varying two 
thresholds TRCA and TRSA ' relevant 
repectively to a fill factor of PC and PS 
equipments, in terms of number of access ports 
or of traffic capacity. If, for example, 
according to the forecasted user traffic the 
actual capacity of the adopted PC equipment is 
limited by the available number of ports rather 
than by its throughput, the threshold TReA 
should fix a minimum number or users, and tfie 
merging process for constructing each 
concentration area CA is stopped as soon as the 
sum of the users of the relevant subareas 
exceedes TR

CA
• The same process applies to the 

construction of SAs by the threshold TRSA and 
starting from a predetermined solution for the 
concentration areas. A similar heuristic method 
has been adopted in [2] • 

~ote that practical contraints could in 
certain cases prevent to home to the PC 
equipment all the users of the relevant AC area 
(e.g.user having high-traffic or special 
protocol interfaces only provided by PS); Lm 
such cases, special "homing criteria" can be 
incorporated in the previous procedure. 

Once a feasible solution for PC and PS 
placement has been generated, the design of the 
interswitch network can be carried out. A basic 
input is the traffic matrix among the packet 
switches: when reliable forecasts are lacking, a 
simple rule is to assume the traffic between two 
PSs directly proportional to the product of 
their amounts of generated traffic. 

As for the access network, different 
structures of the interswitch network can be 
generated under the planner's control; two 
variable inputs are here used: 

- the number TS of tandem switches to be placed 
in addition to the access switches only for 
performing the transit .switching function 
(TS=O in the special case of the meshed 
structure); the locations of these tandem 
switches can be simply chosen looking at the 
most important nodes of the network; 

- the average cost per packet C of tandem 
switching; by varying the varue C, the 
economy of direct trunks between patrs of 
access switches can be varied, so that, for a 
given TS, different trunking configurations 
can be compared. 

A great simplification in the dimensioning 
of the interswitch network can be gained by 
externally fixing proper criteria for routing 
the traffic. As in normal operating condition 
both the cost and the time delay performances 
are neteriorated by multiple tandem switching of 
the traffic, a suitable criterion is to allow at 
most a single transit for all traffic parcels; a 
routing matrix can then specify for each pair of 
nodes which tandem is designated to switch all 
the relavant traffic or the overflow from the 
direct trunk. 

In building this routing matrix a balanced 
distrihution of traffic load on the transit 
switches must he attempted; by this way the fill 
factor of the transit switches is easily 
controlled only by varying the cost parameter 

C in order to prevent the saturation of their 
tRroughput capacities by means of direct trunks. 

Note that by this design approach other 
requirements might be met regarding network 
performances. Reside the use of ~he channel 
utilization factor defined in Sect.2, time delay 
performances can be also controlled by the 
parameter Cs' i.e. by forcing more traffic on 
the direct trunks. Moreover, a path availability 
requirement can be met by acting on the routing 
matrix, thus ensuring, for example, that a 
minimum of two tandems are connected to each 
access switch: by this way a sufficient 
interconnection of the tandems greatly enhances 
the network robustness versus trunk failures. 

3. COMPUTER TOOLS 

A set of computer programs has been 
developed to implement . the planning methodology 
described in the . previous section. Interactive 
facilities have been incorporated allowing the 
designer ' to explore different solutions and to 
find an optimal structure of the global network 
by iterating the procedure, or to perform 
sensitivity analyses. Fig. 3 is a simplified 
flow-chart composed of three main blocks: 

i) determining the areas served by access 
switches and concentrators (AREA); 

ii) dimensioning the access network 
(ACCESS); 

iii) dimensioning the interswitch network 
(INTER). 

AREA 

OUTPUT 
REPORTS 

orlt., .. 

routing 

attuoture 

Fig.3 - Flow-chart of the computer tools 
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Input data to the program AREA are the 
subscriber distribution on the territory and 
subdivision into different classes of DTEs, 
together with the intercity trasmission layout 
which is supplied to. the program in the form of 
a tree topology. 

The branches of this topology are 
sequentially explored and its nodes are merged 
starting from the peripheral ones. The process is 
stopped when the corresponding aggregation of 
areas collects a threshold number of subscribers 
TRCA (see sect 2.3): this area becomes a 
"concentration area". The same process is used 
to merge these last areas into "switching 
areas": in this case the threshold parameter 
TRSA may consist in a larger number of 
sUDscribers or in a traffic amount. 

Having divided the territory into areas 
served by the PCs and the PSs, the following 
program ACCESS carries out the homing of 
subscriber lines to these equipments, together 
with their consequent dimensioning. The main 
characteristics of the equipment used (e.g. 
maximum throughput and number of ports) may be 
changed by the designer who has also the option 
of using two different types of packet switches, 
according to the size of each single area. 
Options are left to the network designer 
regarding the homing criteria, e.g. high-bit 
rate DTEs in concentration areas not provided 
with a PS may be homed either to the local PC or 
to the parent PS according to a distance 
threshold. Then the program ACCESS makes the 
detailed economical evaluation of the single 
network components and of the overall access 
network. Finally, performance evaluations of 
time delay are made on this part of the network 
and fed to the next program, INTER, together 
with the structure of the access network: number 
and location of concentrators and switches, as 
well as their throughputs. 

The program INTER carries out t~e 

optimization of the interswitch network once 
given the number and location of transit nodes, 
togeth . with a routing policy as shown at sect. 
2.3. The cost of this part of the packet network 
and the overall performances of time delay are 
calculated. 

Output reports contain all details of 
resulting network structure, equipment 
installations, costs and network performances. 

4. APPLICATION EXAMPL~ 

4.1. bescription of the study cases 

The computer tool described at sect.3 has 
been extensively used to perform network 
optimization and sensitivity analyses. In this 
section some application examples are shown all 
referring to the Italian territory where the 
public packet network (ITAPAC [3 } ) would reach 
a maximum size of the order of 50 ono 
subscribers when the emerging ISDN should 
"freeze" the dedicated data networks and 
gradually incorporate them. 

As mentioned in sect 2.2., the total amount 
of subscribers has been subdivided into 231 
areas of the Italian territory according to 
forecasted figures. The different areas have 
been classified into a number of classes 
according to their characteristics (e.g. 
industrial, residential, rural) and for each 
class a percent partitioning has been given of 

subscribers located in the main town and those 
located elsewhere in the area and of different 
classes of data terminals in terms of bit rate 
and packet or non-packet mode. 

The link between DTE and the packet network 
port has been considered as implemented on 
physical circuits through baseband modems in the 
case of dedicated line access when DTE and port 
are in the same town and on telephone circuits 
through voice-band modems according to CCITT 
V-series Recommendations in the other cases, 
including the dial-up access. 

Packet switches (PS) have heen assumed 
having a maximum capacity of 800 ports (X.25 and 
X.75) and a maximum throughput of ahout 700 pIs, 
including network-service data. Eigger packet 
switches having a throughput of about 2500 pIs 
have been also considered. 

Packet concentrators (PC) have been 
considered having up to 32 ports at low bit rate 
and 8 ports at high bit rate or up to 64 ports 
at low hit rate only. Packet 
assembly-disassembly (PAD) function is 
incorporated in PCs, also. 

For these examples, interswitch circuits 
have been considered implemented on analog 
facilities, i.e. on telephone circuits for 9,6 
Kbit/s links and on Primary FnM Groups for 64 
Kbit/s links. 

The three application examples described in 
the following sections are relevant to: 

i) the optimisation of the global 
network for 10000 subscribers (fig.4 
and 5); 

ii) the optimisation of the interswitch 
network structure for a number of 
subscribers ranging from 5000 to 
40000 (fig.6); 

iii) the impact of the packet switch 
capacity on the network costs 
(fig. 7). 

4.2. Optimization of the global network 

The case refers to the cost optimization of 
the global network for 10 000 subscribers. 

Fig.4 shows the costs of the network for 
different numbers of switching areas setting 
different thresholds TRSA for 
subscriber-generated traffic, once found 
sub-optimal solutions for the establishment of 
concentration area. Curve t indicates the total 
cost and shows a minimum at 10-12 switching 
areas. Curve a represents the cost of the 
interswitch network, including the transit 
switches; this portion of the total cost 
increases when the number of switching areas is 
increased. Curve c represents the cost of access 
packet switches, concentrators and of the links 
between them, and also increases with the number 
of switching areas, i.e. with the 
peripherization of the access to the network. 
Increases of costs of switching are compensated 
by the decrease of cost of subscriber network, 
i.e. circuits and modems shown in curve b. 

The figure shows also that the cost of 
subscriber network is comparable with that of 
concentration and access switching, whilst the 
cost of interswitch network is considerably 
lower, though not completely optimized, as only 
analog transmission facilities have heen 
considered. 
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COST COST 

5 10 15 20 

No. OF SWITCHING AREAS 

Fig.4 - Cost components vs. the number 
of switching areas 

a) interswitch network 
b) subscriber network 

c) PS and PC equipments 
t) overall network 

a 

25 

Fig.5 shows the same cost elements for 
different numbers of concentration areas, given 
the number of switching areas, equal b 11. Two 
different cases have been considered for the 
homing of menium and high speed terminals. The 
solid lines refer to the case where only 
low-speed terminals are homed to packet 
concentrators, while other DTEs are connected to 
packet switches. It can be seen that the curves 
relevant to subscriber network and access 
switching/concentration costs are similar to 
those of fig.4, whilst the cost of interswitch 
network is constant having fixed the amount and 
location of access packet switches. 

~1e dotted lines refer to the case where the 
medium and high speed nTEs located in the same 
towns where a PC is installed, are connected to 
it, instead than to a farther PS. It can be seen 
that the savings which are ohtained in the 
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Fig.5 - Same cost components of fig.4 

when varying the number of 

concentration areas for two 

different criteria of D T E 
homing (see sect 4.2) 

a 

subscriber network, due mainly to the shorter 
lines and wider use of cheaper baseband modems, 
are made useless by the greater increase of 
packet concentrators costs, so that total costs 
are considerably higher than for the previous 
case. 

4.3. Optimization of interswitch network 

This example refers to the optimization of 
the interswitch network structure at different 
sizes of the packet network, i.e. for different 
number of subscribers. The following structures 
have heen considered: fully meshed (i.e. no 
transit switch) and tandem with 2, 4 and 6 
transit switches. 
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Fig.6 shows the minimum cost of the 
interswitch network in the previous four cases, 
for a number of subscribers ranging from 5000 to 
40000. It can be seen that the fully-meshed and 
the two-tandem structures have nearly the same 
cost at 5000 subscribers, but as soon as the 
total traffic increases with the number of 
subscribers, it is convenient to use an 
increasing number of transit switches. 

4.4. Effect of packet switches capacity 

For the above examples packet switches 
having a maximum throughput of about 700 pIs 
have been considered. To asses the economical 
effect of switch capacity, in this example, a 
switch having a maximum throughput of about 
2 500 pIs has been compared with the previous 
one. 

The new switch has been assumed to have a 
start-up cost of about 70% higher than the 
former and the same incremental cost per port. 

Fig.7 shows the cost per subscriber of the 
global network, at different amounts of 
subscribers from 5000 to 40000, implementing the 
network with 700 pIs switches (dotted line) and 
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40 

Fig.6 - Effect of the number TS of 

tandems on the interswitch 
network cost per subscriber 
for different network sizes. 

with 2500 pIs switches (solid line). It can be 
seen that savings can be obtained with the 
bigger switch starting at 20 000 subscribers. It 
can be seen also that quite important is the 
scale-effect in the network cost-per-subscriber, 
as it reduces of about 20% when the subscribers 
increase from 5000 to 40000 and use is made of 
the smaller switch. With the bigger one the 
effect is obviously more remarkable and may be 
estimated about 25~. 
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